Type 1 Diabetes and Problematic Hypoglycemia: Balancing the Effectiveness and Safety of Interventions {#s1}
=====================================================================================================

Hypoglycemia is a common and greatly feared complication of type 1 diabetes (T1D) ([@B1]--[@B4]). Severe hypoglycemia (SH), an event that because of profound neuroglycopenia requires the assistance of another person for recovery ([@B5]), is experienced by one-third of patients with T1D at least once a year ([@B6]--[@B9]). Many such events are single episodes caused by insulin dosing errors, exercise, and alcohol ([Table 1](#T1){ref-type="table"}). Conversely, problematic hypoglycemia is a condition in which episodes of SH are unpredictable, cannot be easily explained or prevented, and, therefore, have a significant negative impact on health and quality of life (QoL). The criteria of problematic hypoglycemia include two or more episodes of SH in the past 12 months or one episode of SH in the past 12 months associated with impaired awareness of hypoglycemia (IAH), extreme glycemic lability, or major fear and maladaptive behavior. Simple tools are available clinically to quantitate IAH ([@B10],[@B11]), hypoglycemia severity ([@B12]), and glycemic lability ([@B12]).

###### 

Identification and initial assessment of people with problematic hypoglycemia

  ----------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Identification of patients with T1D and  problematic hypoglycemia       Assessment of hypoglycemia risk should be performed annually for all patients with T1D. Frequently, episodes of hypoglycemia are not reported to physicians. Health care planners should consider whether appropriate referral pathways exist for patients experiencing SH (patients attended by emergency medical services or emergency department physicians or dispensed glucagon injections by their pharmacist). Number of calls for an ambulance or glucagon injections during the past month and past year should be considered as well as whether injuries may have been due to unidentified hypoglycemia.
   History of hypoglycemia                                                Frequency of episodes
                                                                          Nocturnal hypoglycemia
                                                                          Episodes of SH
                                                                          Ability to detect episodes
                                                                          Presence of adrenergic and neuroglycopenic symptoms of hypoglycemia
                                                                          Precipitating factors (e.g., insulin dosing errors, exercise, alcohol)
   Review diabetes self-care                                              Adequate frequency of SBGM?
                                                                          Appropriate diet?
   Review for presence of risk factors for SH                             Older age
                                                                          Long duration of diabetes
                                                                          Renal impairment
                                                                          Low BMI
                                                                          IAH (Clarke or Gold scores ≥4)
                                                                          Erratic, unpredictable blood glucose levels
                                                                          Very low HbA~1c~
  Initial assessment of people identified with problematic hypoglycemia    
   Insulin therapy                                                         
    Insulin preparations                                                  Use of regular and NPH insulins have greater risk for hypoglycemia than insulin analogs
                                                                          Premixed insulins are not recommended
    Insulin dosing                                                        Inappropriate balance between basal and bolus doses
                                                                          Excessive correction doses
                                                                          Inappropriate timing of insulin
                                                                          Lack of adjustment for (prior) exercise and/or heat
                                                                          Overestimation of meal size or carbohydrate content
    Insulin administration                                                Lipohypertrophy
                                                                          Intramuscular injection
                                                                          Needle length
                                                                          Injection technique
   Physiologic/other causes                                               
    Diabetes complications                                                HAAF
                                                                          Gastroparesis
    Malabsorption                                                         Celiac disease
                                                                          Pancreatic exocrine insufficiency
    Endocrinopathies                                                      Adrenal insufficiency
                                                                          Hypopituitarism
    Factitious                                                            Misuse of insulin
                                                                          Alcohol excess
    Autoimmune                                                            Insulin autoimmune syndrome
    Metabolic                                                             Renal failure
                                                                          Hepatic failure
                                                                          Inborn errors of metabolism
    Psychological/psychosocial                                            Fear of hyperglycemia/diabetes complications
                                                                          Fear of hypoglycemia
                                                                          Denial, not willing to attend educational programs or to use technology
                                                                          Depression or other psychiatric problems
                                                                          Cognitive impairment
  ----------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

This approach may identify some reversible causes for hypoglycemia, which can be addressed relatively easily. It may also identify some individuals for whom some of the interventions described in this article are contraindicated or who require specific nonendocrine interventions.

Recurrent hypoglycemia impairs counterregulatory hormonal responses to and awareness of hypoglycemia, predisposing patients to more frequent hypoglycemia and SH ([@B13]). IAH, which increases in prevalence with diabetes duration, is found in 20--40% of patients with T1D ([@B11],[@B14]--[@B16]) and increases the risk of SH by 6--20-fold ([@B6],[@B10],[@B11]). Recurrent SH (two or more episodes annually) is reported by 21% of patients with T1D ([@B6]) and by 66% of patients whose T1D is complicated by IAH ([@B11]). Recurrent hypoglycemia can cause significant morbidity ([@B4],[@B17]) and mortality. Among individuals with T1D, 4--10% of all deaths are attributed to SH ([@B18],[@B19]), and risk of death 5 years after an episode of SH is increased 3.4-fold in those who report SH ([@B20]).

The risk factors for SH depend mainly on residual C-peptide secretion, which reduces glycemic variability ([@B21]--[@B23]). Related to residual C-peptide secretion are the patient's age at onset of T1D and disease duration ([@B21]). Other risk factors include autonomic failure, insulin sensitivity, BMI, genetics, and psychosocial factors ([@B24]) ([Table 1](#T1){ref-type="table"}). In the Diabetes Control and Complications Trial, residual endogenous insulin secretion was associated with a reduced risk of SH, regardless of treatment intensity ([@B25]). Unfortunately, most patients with T1D lose all measurable C-peptide within 10--15 years after diagnosis ([@B26]), making it more challenging for those with long-standing (\>15 years) T1D to avoid hypoglycemia.

Besides a reduction of microangiopathic complications, long-term follow-up of the Diabetes Control and Complications Trial cohort demonstrated a reduction in cardiovascular morbidity ([@B27]) and all-cause mortality ([@B28]) in patients with an HbA~1c~ \<7.0% (53 mmol/mol), which concurs with Swedish and Austrian registries ([@B29],[@B30]). However, even at that HbA~1c~ level, the residual risk for cardiovascular and all-cause mortality remained twice as high in patients with T1D than in nondiabetic control subjects ([@B29]--[@B31]). A large U.S. registry of \>20,000 patients demonstrated a U-shaped relationship between SH and HbA~1c~ level, with the lowest risk of SH occurring when the HbA~1c~ level is between 7.0% (53 mmol/mol) and 7.5% (58 mmol/mol) ([@B9]). Therefore, the selection of glycemic targets in each patient should be individualized to the lowest HbA~1c~ level that does not cause SH, that preserves hypoglycemia awareness, and that avoids long-term micro- and macrovascular complications ([@B32]).

The objectives of this review article are to examine the evidence on educational, technological, and transplant interventions in patients with T1D complicated by problematic hypoglycemia ([Table 2](#T2){ref-type="table"}) and to propose clinical practice recommendations ([Table 3](#T3){ref-type="table"}) in a tiered, four-stage treatment algorithm ([Fig. 1](#F1){ref-type="fig"}). To achieve these objectives, an international group of endocrinology clinician-investigators with expertise in evaluating all three treatment categories in this patient population was formed to critically appraise the available evidence and to formulate a consensus approach.

###### 

Key intervention studies in hypoglycemia unaware patients with T1D

                                                                                                                                                                                                                                                                                                                                                               Baseline                                End of study                                                                                                                                                                                                                                                                                                                            
  ------------------------------------ --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------- --------------------------------------------------------------------- --------------------------------------- -------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------
  Fanelli et al. ([@B42])              Change from twice daily to MDI regimen Daily contact Re-education                                                                                                                 Prospective, single center Before and after 1-year follow-up    *n* = 21 (11.4 ± 1.8)                                                 5.8 ± 0.1 (normal 3.8--5.5)             9 of 21 had SH in previous year All had IAH                                                                          6.9 ± 0.1 (normal 3.8--5.5)                                                        No SH in 12-month follow-up 10-fold reduction in mild hypoglycemic events                                                       Restoration of symptom and counterregulatory hormone responses; sustained to 1 year
  Cranston et al. ([@B40])             Intensive insulin therapy Frequent contact Intensive education                                                                                                                    Prospective, single center Before and after 4-month follow-up   *n* = 12 men (11--32)                                                 Group A: 6.9 ± 0.3 Group B: 8.7 ± 0.3   N/A At least three CBG \<3 with no symptoms in 2 weeks                                                               No significant deterioration (numbers not reported)                                SH: N/A Restoration of symptoms and improvement in counterregulatory responses after 3 weeks of no CBG \<3.0 mmol/L             Mean 4.1 ± 1.1 months of frequent contact required to achieve 3 weeks of hypoglycemia avoidance
  Dagogo-Jack et al. ([@B41])          Scrupulous avoidance of iatrogenic hypoglycemia                                                                                                                                   Prospective, single center Before and after 3-month follow-up   *n* = 6 (15.5 ± 4.4) Age \<35                                         8.3 ± 1.0                               10.6 ± 3.7 All IAH                                                                                                   9.8 ± 1.1                                                                          SH not reported 60% reduction in CBG \<3.3 mmol/L                                                                               Restored symptom but not hormonal responses at 3 months
  Hermanns et al. ([@B44])             HyPOS vs. control intervention, with most patients also moving to CSII with more than one SH or IAH with \>10 years of T1D                                                        RCT 6 months (31-month follow-up reported separately)           *n* = 164, 85.3% with T1D (HyPOS: 20.2 ± 10.8 Control: 22.1 ± 10.9)   HyPOS: 7.2 ± 0.9 Control: 7.4 ± 1.1     HyPOS: 3.5 ± 3.6/patient-year Clarke score 4.8 Control: 3.6 ± 36/patient-year Clarke score 5.0                       HyPOS: 7.1 ± 0.9 Control: 7.3 ± 1.1                                                HyPOS: 0.9 ± 1.9/patient-year Clarke score 2.3 Control: 0.6 ± 1.2/patient-year Clarke score 3.0                                 30% reduction in mild hypoglycemia with HyPOS; further 31-month follow-up shows sustained benefit in HyPOS over standard education
  Cox et al. ([@B43])                  HAAT vs. control Increased SMBG and monthly visits No previous education or SMBG                                                                                                  RCT 18-month follow-up                                          *n* = 60 (13)                                                         HAATT: 8.1 ± 0.7 Control: 8.0 ± 0.7     HAATT: 2.0 Control: 1.8                                                                                              HAATT: 8.0 Control: 8.1                                                            HAATT: 0.4 Control: 1.7                                                                                                         Hypoglycemia-specific education program performed better than frequent contact
  Little et al. ([@B48])               HypoCOMPaSS MDI vs. CSII and SMBG vs. CGM in 2 × 2 design Both arms: education and monthly visits plus telephone support                                                          RCT 24-month follow-up                                          *n* = 96 (28--30)                                                     8.2 ± 1.2                               8.9 ± 13.4 77% had SH in prior year Gold score 5.1 ± 1.1                                                             8.1 ± 1.2                                                                          0.8 ± 1.9 20% had SH in prior year Gold score 4.1 ± 1.6                                                                         No differences among CSII, CGM, and SAP CGM had slightly greater reduction in mild and SH, but higher baseline than SMBG
  Pedersen-Bjergaard et al. ([@B56])   HypoAna study \[Analog insulin (detemir and aspart) vs. human insulin (NPH and regular)\]                                                                                         Multicenter, open-label, crossover RCT (1:1) 2-year follow-up   *n* = 159                                                             8.0 ± 1.0                               All had 2 or more episodes of SH in prior year                                                                       Decrease of 0.13% with analog treatment compared with human insulin (*P* = 0.02)   Insulin analogs: 105 episodes of SH Human insulin: 136 episodes of SH                                                           Absolute rate reduction of 0.51 episodes of SH per patient-year with insulin analogs
  Ly et al. ([@B65])                   CSII vs. SAP in young patients with IAH                                                                                                                                           RCT 6-month follow-up                                           *n* = 95 (11.0)                                                       7.4 ± 0.2                               SAP-LGS: 6 SH and 0.22/patient-year Clarke score 5.9 ± 1.5 CSII: 6 SH and 0.25/patient-year Clarke score 6.4 ± 1.5   7.4 ± 0.2 in both arms                                                             SAP-LGS: 0 events = 0/patient-year Clarke score 4.7 (4.0--5.1) CSII: 6 events = 0.26/patient-year Clarke score 5.1 (5.5--6.4)   Young patients with short duration SAP-LGS reduced SH compared with CSII alone, although event rates were low Reduced time \<70 and \<60 mg/dL in LGS arm
  de Zoysa et al. ([@B47])             DAFNE-HART 6 sessions based on cognitive behavioral therapy and motivational interviewing 1-year follow-up                                                                        Small trial; 2 sites Uncontrolled pilot clinical trial          *n* = 24 (31 ± 12) Previous DAFNE 8 CSII                              7.8 ± 1.1                               Median 3.0 (0--103) Clarke score 5.4 ± 1.2 Ryan score 948                                                            7.8 ± 1.2                                                                          Median 0 (0--3) 70% reported no further SH Clarke score 3.8 ± 1.8 Ryan score 372                                                9 of 20 restored awareness Some accepted CSII or CGM, which they were resistant to previously
  Choudhary et al. ([@B66])            Observational clinical audit of CGM in patients with SH despite previous DAFNE and CSII 1-year follow-up                                                                          Retrospective audit                                             *n* = 35 (29.6 ± 13.6)                                                8.1 ± 1.2                               SH 8.1 ± 13.6/patient-year Gold score 5.1 ± 1.5                                                                      7.6 ± 1.0                                                                          0.6 ± 1.2/patient-year Gold score 5.2 ± 1.9 54% reported subjective improvement in awareness                                    Reduction in SH with CGM 23 of 35 used SAP-LGS 3 with SH on SAP had no further episodes on SAP-LGS
  Giménez et al. ([@B58])              CSII and education program with 2--3- month follow-up                                                                                                                             Small, uncontrolled pilot trial 2-year follow-up                *n* = 20 (16.2)                                                       6.7 ± 1.1                               1.25 ± 0.4/patient-year Clarke score 5.5 ± 1.2                                                                       6.3 ± 0.9                                                                          SH 0.05/patient-year at 2 years Clarke score 1.6 ± 2.03                                                                         16 of 19 restored awareness Reduced mild hypoglycemia Time \<70 mg/dL reduced from 13.7 to 9.1%
  Sämann et al. ([@B35])               Structured education 5-day course (DTTP) 9,583 patients at 96 centers 1-year follow-up                                                                                            Subgroup analysis of patients with 3 or more SH at baseline     *n* = 341 (18.7 ± 11.1)                                               7.4 ± 1.9                               6.1 ± 9.6/patient-year                                                                                               7.2 ± 1.5                                                                          1.4 ± 5.4/patient-year                                                                                                          56% had 1, 20% had 2, and only 15% had more than 3 SH events Reduced time in hospital 8.6 ± 15.4 to 3.9 ± 10.7 days/patient-year
  Hopkins et al. ([@B16])              Structured education program in flexible insulin therapy (U.K. DAFNE) 5-day course 1-year follow-up IAH subgroup reported                                                         Retrospective audit                                             *n* = 215 (Duration not reported)                                     N/A                                     3.6 ± 13.6/patient-year                                                                                              N/A                                                                                1.3 ± 5.9/patient-year                                                                                                          Improved awareness of hypoglycemia at a blood glucose \>3 mmol/L
  O'Connell et al. ([@B92])            Islet treatment (961 ± 445 kIEQ) Antithymocyte globulin followed by tacrolimus + mycophenolate mofetil 2 patients had 1 treatment, 7 had 2 treatments, and 8 had 3 islet grafts   3-center observational study 1-year follow-up                   *n* = 17 Duration not reported                                        8.3 ± 2.0                               Hyposcore 2,976 ± 3,494                                                                                              6.5 ± 1.3                                                                          2 of 17 patients with graft failure had SH                                                                                      82% achieved composite end point of HbA~1c~ \<7% and absence of SH at 1 year
  Brooks et al. ([@B93])               Islet treatment (535 kIEQ)                                                                                                                                                        Observational multicenter trial 2-year follow-up                *n* = 20 30 (16.5--38.5)                                              8.0 (7.0--9.6)                          20 (7--50)                                                                                                           6.2 (5.7--8.4)                                                                     0.3 (0--1.6)                                                                                                                    70% maintained composite end point of HbA~1c~ \<7% and no SH at 2 years

CBG, capillary blood glucose; DTTP, diabetes teaching and treatment program; kIEQ, kilo islet equivalent; N/A, not available.

###### 

Proposed clinical practice recommendations for the treatment of patients with T1D complicated by problematic hypoglycemia

  --- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  1   Routinely provide to all MDI therapy patients with T1D using SMBG structured and curriculum-based educational programs that reduce the incidence of SH and restore awareness in a significant proportion of patients with IAH.
  2   Add one diabetes technology, preferably CSII with SMBG or MDI with CGM, where available, with appropriate education, training, and support to patients with problematic hypoglycemia to reduce the incidence of SH and maintain or improve HbA~1c~.
  3   Use SAPs, preferably with an automated threshold-suspend feature, where available, or very frequent contact with a specialized hypoglycemia service in patients whose problematic hypoglycemia persists despite the use of structured education and other diabetes technologies.
  4   Consult with transplant program (and payer) about the eligibility of selected patients with persistent problematic hypoglycemia for an islet or a pancreas transplant when other interventions have not been effective and when the risk-benefit ratio is deemed favorable.
  --- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

![Proposed treatment algorithm for patients with T1D and problematic hypoglycemia.](dc150090f1){#F1}

Educational Interventions {#s2}
=========================

Mühlhauser et al. ([@B33]) demonstrated that intensified insulin therapy, when combined with a 5-day teaching program, improved glycemic control without increasing SH. A similar program was called Dose Adjustment For Normal Eating (DAFNE) ([@B16]). Such educational interventions typically consist of a 30- to 40-h group-learning curriculum based on adult learning principles around carbohydrate counting, frequent self-monitoring of blood glucose (SMBG), and adjustment of insulin doses in response to exercise, alcohol, and illness. To differentiate it from fixed-dose multiple daily injections (MDIs), active adjustment of insulin doses is often termed "functional insulin therapy."

Large-scale audits of educational interventions in various countries found reliable and sustained (up to 6 years) reductions in the incidence of SH by 50--70% as well as an improvement in the mean HbA~1c~ level to ∼7.6% (60 mmol/mol) in unselected patients with T1D ([@B16],[@B34]). A subanalysis of 341 patients with three or more episodes of SH in the prior year demonstrated reductions in both the incidence of SH (from 6.1 to 1.4 per patient annually) and the mean length of hospitalization (from 8.6 to 3.9 days per patient annually) as well as improvements in the mean HbA~1c~ level ([@B34],[@B35]). The DAFNE program showed similar reductions in the incidence of SH, with restoration of hypoglycemia recognition in 43% of patients reporting IAH at baseline.

Blood glucose awareness training (BGAT) is a psychoeducational program developed by Cox et al. ([@B36]) to increase self-awareness of personal cues for detecting hypoglycemia. Originally developed as 8 weekly sessions, BGAT has undergone numerous iterations and has been successfully piloted as an online program. It has consistently resulted in improved detection of hypoglycemia, especially in patients with IAH and sustained reductions in SH and even in those with a high incidence of SH at baseline ([@B37],[@B38]).

Few studies have examined educational interventions specifically in patients with IAH ([Table 2](#T2){ref-type="table"}). In the early 1990s, three small studies demonstrated improvement in symptom responses, with some (but variable) improvement in epinephrine responses after meticulous avoidance of hypoglycemia ([@B39]--[@B42]). Those improvements were achieved by extensive re-education, physiologic distribution of insulin with MDIs, and, most importantly, intensive contact and support (up to four telephone calls per day) from the study team.

Three large randomized clinical trials (RCTs) specifically recruited patients with problematic hypoglycemia. Cox et al. ([@B43]) randomized Bulgarian patients with very little access to SMBG and at least three episodes of SH annually to SMBG with and without hypoglycemia anticipation, awareness, and treatment training (HAATT) and found that the incidence of SH decreased with HAATT but not with increased SMBG alone.

Hermanns et al. ([@B44]) randomized 164 patients with more than one episode of SH or with IAH despite MDI and continuous subcutaneous insulin infusion (CSII) to either a hypoglycemia-specific education program (HyPOS) or a standard education program. They demonstrated greater improvement in awareness with HyPOS with a trend to a lower incidence of SH 1 year after completing HyPOS that became statistically significant at 31 months of follow-up.

Decision making is central to hypoglycemia avoidance, and qualitative research has identified fear of hypoglycemia and lack of concern regarding hypoglycemia as important factors beyond skills and education that predispose to IAH ([@B45],[@B46]). These findings may explain the success of frequent contact and behavioral interventions such as BGAT and HAATT. The DAFNE-Hypoglycemia Awareness Restoration Training (HART) pilot study evaluated a different strategy built on behavioral changes identified through qualitative interviewing in patients with IAH ([@B46]), incorporating aspects of BGAT but delivered using cognitive behavioral therapy and motivational interviewing techniques. Of the 24 patients with SH despite previous treatments (including DAFNE), 17 experienced complete resolution of SH, and the remaining 7 experienced significant reductions in the incidence of SH ([@B47]).

The Comparison of Optimized MDI Versus Pumps With or Without Sensors in Severe Hypoglycemia (HypoCOMPaSS) trial randomized 96 patients with long-standing (mean duration 28 years) diabetes, IAH, and previous recurrent SH (mean 8.9 episodes per patient annually) in a 2 × 2 fashion to SMBG or real-time continuous glucose monitoring (RT-CGM) and MDI or CSII ([@B48]). All four arms underwent a 2-h standardized education program emphasizing rigorous avoidance of hypoglycemia, including advice on never delaying treatment, recognizing times of increased risk, detecting subtle symptoms, and confirming low readings through frequent SMBG. In addition, all patients had weekly telephone contact and monthly face-to-face visits with the study team. The educational intervention led to significant reductions in SH (from 8.9 to 0.8 episodes per patient annually) and to improvement in awareness scores irrespective of treatment allocation.

Thus, current data highlight the importance of structured education as an essential baseline strategy to reduce the proportion of patients with problematic hypoglycemia. Relatively inexpensive programs such as BGAT and DAFNE can reduce the incidence of SH by 50% and improve HbA~1c~ levels and QoL in patients with long-standing (\>15 years) T1D who continue to experience SH with associated IAH and excessive glycemic variability despite effective education and intensive insulin therapy. Intensive and frequent contact with health care providers appears to be the most effective therapy, yet such patients still have a higher incidence of SH than the general T1D population so may require more advanced therapies.

Technological Interventions {#s3}
===========================

Before implementing diabetes technologies in treatment, insulin therapies should be optimized, with preference given to insulin analogs. Most studies of insulin analogs have excluded high-risk patients with prior SH or IAH ([@B49]) and used a noninferiority design and strict, treat-to-target dosing algorithms ([@B50]) so are likely to have underestimated benefits for patients with problematic hypoglycemia. Rapid-acting insulin analogs (aspart, glulisine, lispro) with faster onset and shorter duration than regular insulin are associated with a 20% reduction in the incidence of SH and a 45% reduction in the incidence of nocturnal hypoglycemia ([@B51]). Basal analogs, which have less intraindividual variability in bioavailability than neutral protamine Hagedorn (NPH) insulin ([@B52]), are also effective, providing a 27% reduction in the incidence of SH and a 31% reduction in the incidence of nocturnal hypoglycemia compared with NPH insulin ([@B53],[@B54]). Newer basal insulin analogs (e.g., degludec and U300 glargine) may be even less variable and further reduce hypoglycemia risk. Studies of degludec found a 25% reduction in the incidence of symptomatic nocturnal hypoglycemia but no difference in the incidence of SH ([@B55]). In the single trial conducted in patients with problematic hypoglycemia, insulin analogs reduced the incidence of SH by 29% compared with regular and NPH insulin ([@B56]).

The effectiveness of CSII in patients with problematic hypoglycemia has not been tested in robust RCTs, but a meta-analysis found a fourfold reduction in the incidence of SH and a 0.6% improvement in HbA~1c~ level with CSII ([@B57]). Older age and more frequent episodes of SH were independent predictors of a reduced incidence of SH with CSII. A small pilot study of CSII in 19 patients with IAH demonstrated restoration of awareness in 16 at 1 year ([@B58]).

Although a cornerstone of therapy in T1D, SMBG may only be effective in reducing the incidence of SH when combined with education (e.g., HAATT) ([@B43]). Although blinded CGM may be useful as a diagnostic tool to identify periods of hypoglycemia, a systematic review of blinded CGM versus SMBG did not demonstrate improved HbA~1c~ levels and was unable to analyze hypoglycemia rates (because of heterogeneity in definitions and assessment of hypoglycemia) ([@B59]). In contrast, a meta-analysis showed that RT-CGM, which can alert patients to impending hypoglycemia, decreased HbA~1c~ levels without increasing hypoglycemic episodes ([@B60]). Because patients with prior SH or IAH were excluded from this study, the proportion with major hypoglycemic episodes was numerically lower with RT-CGM but was not significantly different from the proportion with SMBG.

In the context of intensive education and frequent contact, no differences in reducing the incidence of SH or in restoring awareness were found between MDI versus CSII and SBGM versus RT-CGMS in the HypoCOMPaSS trial. CGM tended to show greater reductions in the incidence of SH possibly because of a higher incidence of SH at baseline ([@B48]). A substudy of the HypoCOMPaSS trial found improvements in symptom and catecholamine responses to experimental hypoglycemia, with trends to greater improvements with CSII and to a lesser degree with CGM ([@B61]).

Clinical trials of sensor-augmented pumps (SAPs), which are CSII devices with an integrated CGM system, have found superior glycemic control but no difference in the incidence of SH compared with MDI (and SMBG) ([@B62]). Many patients were noted to sleep through nocturnal alarms ([@B63]). One RCT of a device with an automated threshold-suspend feature (where insulin delivery is automatically suspended for up to 2 h if the sensor glucose falls below a prespecified threshold) demonstrated a 38% reduction in the duration of nocturnal hypoglycemia ([@B64]) compared with SAP. Another RCT in children and adolescents with IAH showed a reduction in the incidence of SH with SAP compared with CSII alone but no improvement in the epinephrine response to experimental hypoglycemia ([@B65]). A small observational study demonstrated significant reductions in the incidence of SH (from 8.1 to 0.6 episodes per patient annually) using SAP in patients with IAH but no improvement in awareness ([@B66]).

Clinical trials of fully automated integrated CGM/CSII technologies (artificial pancreas) have been reported ([@B67],[@B68]). Some have used dual pumps to administer both insulin and glucagon, although glucagon was not required to protect from nocturnal hypoglycemia in a head-to-head study ([@B69]). Although potentially of great benefit, these technologies have not yet been evaluated in patients with problematic hypoglycemia and are not yet commercially available.

Transplant Interventions {#s4}
========================

Pancreas and, now, islet transplants can effectively prevent hypoglycemia and restore normoglycemia and may stabilize the complications of T1D ([@B70]--[@B75]). Patients with T1D who undergo an islet or a pancreas transplant exhibit recovery of physiologic islet cell hormonal responses to insulin-induced hypoglycemia whereby endogenous insulin secretion is suppressed and glucagon secretion restored ([@B76],[@B77]), although in islet transplant recipients, the glucagon response remains partial likely due to lower islet mass being transplanted as evidenced from β-cell secretory capacity testing ([@B78],[@B79]). Both islet and pancreas transplant recipients also have improved epinephrine and normalized autonomic symptom responses to hypoglycemia, providing evidence of amelioration of hypoglycemia-associated autonomic failure (HAAF) ([@B76],[@B77]). These improved counterregulatory defense mechanisms may be sustained for more than a decade of pancreas graft function ([@B80]). Most importantly, islet and pancreas transplantation have been shown to normalize the endogenous (predominantly hepatic) glucose production response to insulin-induced hypoglycemia ([@B77],[@B81]), thereby affording recipients protection and recovery from low blood glucose.

Pancreata procured from leaner and younger donors often are preferred for whole-organ pancreas transplants, whereas islets can be isolated from obese and older donors ([@B82]) unsuitable for whole-organ transplants, thereby increasing the proportion of donated organs that can contribute to the treatment of T1D. Thus, islet and pancreas transplants are evolving as complementary approaches to β-cell replacement for the elimination of problematic hypoglycemia in T1D.

Most pancreas transplants are performed simultaneously with a kidney transplant. Simultaneous pancreas-kidney (SPK) transplants confer superior long-term graft function compared with pancreas transplant alone or pancreas transplant after a kidney transplant. The 5-year pancreas graft survival rate for recipients of pancreas transplant alone and pancreas transplant after a kidney transplant is between 55 and 70%; for SPK recipients, it is \>85% ([@B83]). With SPK transplants, most recipients can expect amelioration of problematic hypoglycemia for more than a decade ([@B83]--[@B85]).

Pancreas transplants are usually undertaken in patients who are relatively young (\<50 years) and nonobese (\<30 kg/m^2^) and who do not have coronary artery disease. These patient selection criteria minimize operative mortality (\<1%) and reduce early technical pancreas graft loss (∼10%) ([@B86],[@B87]). Removal of technically failed grafts and routine complications of abdominal surgery have led to a reoperation rate as high as 40% ([@B85]).

Islet transplantation, a minimally invasive procedure, allows for inclusion of older patients and patients with coronary artery disease who would be ineligible for a whole-pancreas transplant. In nonobese recipients, the target islet dose of ≥5,000 islet equivalents/kg can be isolated from a deceased donor pancreas ([@B71]). Most islet transplants are performed in nonuremic patients with T1D and problematic hypoglycemia and related excessive glycemic lability ([@B12],[@B71],[@B88]). Careful selection of patients and protocol optimization have led to substantial clinical improvements ([@B71]). Importantly, refined recipient treatment has improved long-term outcomes of islet transplants; insulin independence can now be maintained for 5 years in 50% of recipients ([@B89],[@B90]).

Although restoring insulin independence remains an important objective, several multicenter clinical trials of islet transplants in patients with T1D and problematic hypoglycemia, including the phase 3 licensure trial of human islets conducted by the Clinical Islet Transplantation Consortium, have adopted a combination of near-normal glycemic control (HbA~1c~ \<7.0% \[53 mmol/mol\]) together with the elimination of SH as the primary end point and the clinically relevant dual goal of intervention ([@B91]--[@B93]). After having reported successful achievement of that goal in 82% of patients at 1 year ([@B92]) and in 70% at 2 years posttransplant ([@B93]), islet transplants are now approved and reimbursed in several countries for the treatment of problematic hypoglycemia in T1D. In the U.S., although a phase 3 trial of islet transplants in this patient population has been completed, a formal license application awaits submission, review, and approval.

Even with partial islet graft function, the endogenous glucose production response to insulin-induced hypoglycemia improves ([@B94]), so islet grafts protect against problematic hypoglycemia even when insulin may be required to maintain near-normoglycemia. This protection from hypoglycemia has been confirmed in CGM studies showing a near absence of time at glucose \<70 mg/dL/\<3.9 mmol/L ([@B77]). The reductions in mean glucose, glucose variability, and time spent hypoglycemic (\<54 mg/dL/\<3.0 mmol/L) relative to T1D were similar for both insulin-independent and insulin-requiring islet recipients ([@B95]), and those reductions were sustained for 18 months in one study ([@B96]). Importantly, Vantyghem et al. ([@B23]) showed that minimal islet graft function is sufficient to abrogate hypoglycemia (\<54 mg/dL/\<3.0 mmol/L), confirming that even suboptimal function (requiring insulin) significantly improves mean glucose and glucose variability. That the islet graft imparts these glycemic control benefits has been further supported by the demonstration of significant continuous associations with stimulated C-peptide levels in islet transplant recipients ([@B97]). This avoidance of hypoglycemia with islet or pancreas transplants as documented by CGM best explains the documented reversal of HAAF as well as the recovery of glucose counterregulation and hypoglycemia symptom recognition, thereby reversing the vicious hypoglycemia-begets-hypoglycemia cycle in T1D ([@B98]). Data from the Collaborative Islet Transplant Registry indicate that problematic hypoglycemia ameliorated for the duration of islet graft function is currently retained in 90% of recipients at 4 years posttransplant ([@B71]).

In addition to procedural risks and limited organ availability, the current need for lifelong immunosuppressive therapy represents a major limitation to widespread implementation of β-cell replacement therapies for patients with problematic hypoglycemia refractory to educational and technological interventions. Because kidney transplant recipients are already committed to immunosuppressive therapy, the addition of an islet or pancreas transplant may be considered to normalize glycemia, stabilize diabetes complications, and prevent recurrent diabetic nephropathy. In such T1D kidney transplant recipients, islet transplantation can be considered simultaneously with or after a kidney transplant for patients who are not surgical candidates for or willing to accept the risks of a pancreas transplant ([@B85]). At 5 years ([@B99]) and 13 years ([@B85]) posttransplant, the insulin independence rate was higher for pancreas than for islet recipients; however, the islet recipients experienced significantly fewer operative complications, and both the pancreas and islet recipients experienced significantly improved glycemic control and a reduction of \>90% in the incidence of SH ([@B85]).

Thus, regardless of β-cell replacement approach (pancreas or islets), the majority of recipients can anticipate amelioration from problematic hypoglycemia for at least 5 years together with near-normal glycemic control. In fact, islet and pancreas transplants are the only approaches to date that confer both sustained recovery from HAAF and restoration of glucose counterregulation (by endogenous glucose production) and, thereby, reliable protection from SH in patients with long-standing (\>15 years) T1D.

Treatment Algorithm {#s5}
===================

The treatment algorithm has to take into account the number of patients with T1D who have problematic or recurrent SH, existing educational tools and technologies to reduce hypoglycemia, and the available resources for various treatment strategies, including transplants. Individual countries or reimbursement plans might need to adapt the algorithm in accordance with their resources.

Individualized treatment targets must balance the risk of complications with that of hypoglycemia in an effort to achieve the lowest attainable HbA~1c~ level without problematic hypoglycemia ([@B32]). Published studies have indicated that educational and technological interventions can prevent SH while maintaining HbA~1c~ levels between 7.2 and 8.0% (55 and 64 mmol/mol) ([Table 2](#T2){ref-type="table"}).

Many patients rarely or never inform their physician about episodes of hypoglycemia ([@B100]); therefore, health care practitioners must routinely inquire about a given patient's frequency of and risk factors for hypoglycemia and glycemic lability ([@B12]) and must screen for impaired awareness. Commonly used validated scores are those by Clarke et al. ([@B10]) and Gold et al. ([@B11]) where a score ≥4 indicates hypoglycemia unawareness, but increasingly, other measures are used, such as glucose SD (\>40 mg/dL/\>2.8 mmol/L) ([@B23]), low blood glucose index ([@B101]), or average daily risk range ([@B102]).

The Four Stages of the Proposed Tiered Algorithm {#s6}
================================================

Stage 1 {#s7}
-------

All MDI therapy patients using SMBG should have routine evaluation of hypoglycemia awareness status using validated scores along with assessment of glycemic control. Patients with problematic hypoglycemia should be regularly evaluated for possible underlying causes of hypoglycemia ([Table 1](#T1){ref-type="table"}), for the presence of hypoglycemia unawareness, and for meeting their own individual HbA~1c~ level and other treatment targets ([@B32]). If the patient is not at target, first-line therapy is a structured education or hypoglycemia-specific education program ([Fig. 1](#F1){ref-type="fig"}). A robust evidence base supports functional insulin therapy ([@B33]) through educational programs such as DAFNE ([@B16]) and behavioral interventions such as BGAT ([@B36]). These programs reduce the incidence of SH by 50--70% and restore hypoglycemia awareness in up to 40% of patients ([Table 2](#T2){ref-type="table"}). Some data suggest additional benefits with programs focused on hypoglycemia avoidance, such as HyPOS, over standard education. The choice of insulin in patients with SH has been tested in only one trial, which demonstrated a 29% reduction in SH using analogs compared with regular or NPH insulin ([@B56]). But no data exist so far regarding the impact on IAH of newer insulins, such as degludec, U300 glargine, or pegylated insulin ([@B103]).

Stage 2 {#s8}
-------

Robust evidence exists for the use of CSII as second-line therapy to reduce SH ([@B57]). Although a paucity of randomized evidence supports the use of RT-CGM and less evidence supports the use of RT-CGM in patients with T1D for the purpose of reducing the incidence of SH, this technology offers a logical step forward for individual patients. Limitations to the use of technology must be considered, and data suggest that CGM must be used continuously for sustained benefit ([@B104]).

Stage 3 {#s9}
-------

If the composite treatment target of no SH, Clarke score \<4, and HbA~1c~ \<8.0% (64 mmol/mol) is still not met ([Fig. 1](#F1){ref-type="fig"}), the use of SAP, preferably with low-glucose suspension (LGS), and/or very frequent contact with a specialized hypoglycemia service should be considered for third-line therapy ([Fig. 1](#F1){ref-type="fig"}). Small-scale nonrandomized trials of psychoeducational therapies such as DAFNE-HART and BGAT suggested that they offer further benefit, especially in patients with behavioral contributors to recurrent SH ([@B39]--[@B41]).

Because most trials of SAP in T1D excluded patients with problematic hypoglycemia, only anecdotal evidence supports the use of SAP alone for reducing the incidence of SH in this patient population. Studies using threshold suspension of insulin were successful in reducing hypoglycemia over and above SAP alone, suggesting that this may be the preferred evidence-based option in patients with T1D and problematic hypoglycemia ([@B64],[@B65]). In patients with ongoing problematic hypoglycemia, very frequent and intensive contact with an expert diabetes team can restore their awareness of symptoms and, to some extent, counterregulatory responses, but such contact may not always be feasible in the clinical scenario. Weekly to monthly contact as offered in the HypoCOMPaSS trial seem to be effective in reducing the incidence of SH, but restoration of awareness is modest ([Table 2](#T2){ref-type="table"}).

The algorithm proposed in [Fig. 1](#F1){ref-type="fig"} shows the level of evidence supporting each intervention. The system should be flexible, and clinicians will make individual decisions based on specific circumstances, taking into account the preference of the patient as well as the patient's involvement and possibilities. For certain patients with behavioral issues, further behavioral programs such as BGAT, HyPOS, or DAFNE-HART may be beneficial. For others, more expensive treatment such as CSII with and without RT-CGM may be more appropriate.

Stage 4 {#s10}
-------

Pancreas and islet transplants, the fourth-line therapy, are very effective in achieving the composite target of eliminating SH with near-normal HbA~1c~ levels, but lifelong immunosuppressive therapy and its possible complications represent a major limiting factor. Because islet and pancreas transplants are both effective in preventing SH and achieving near-normoglycemia, the optimal treatment option will require individualized discussion of multiple factors, including the procedural risks (which are higher for a pancreas transplant), importance of insulin independence, waiting time, and sensitization. Some contraindications to a pancreas transplant (age \>50 years, high cardiac risk) are common in patients with problematic hypoglycemia; they may only be eligible for an islet transplant. Yet, a small proportion of patients may be ineligible for an islet transplant because of their weight or insulin requirements. The transplant team should consider each patient's preferences and perceptions of risks and benefits.

In the absence of contraindications, the main determinant of which type of transplant to choose is the patient's kidney function. A living donor kidney transplant might be the best option for a given patient with chronic kidney disease followed by either an islet or a pancreas transplant ([@B105]). If a living donor is not available, then a simultaneous deceased donor kidney transplant and islet or pancreas transplant may be indicated ([Fig. 2](#F2){ref-type="fig"}).

![Transplant options for patients with T1D (expert consensus). CGMS, continuous glucose monitoring system. ^+^eGFR \>30 and \<60 mL/min/1.73 m^2^: islet or pancreas transplantation alone, high risk for developing end-stage renal disease under calcineurin-based immunosuppression. \*All transplant types: living kidney and deceased donor islet or pancreas after kidney transplantation, simultaneous pancreas or islet kidney transplantation, or deceased donor kidney alone and islet or pancreas after kidney transplantation.](dc150090f2){#F2}

For patients requiring a kidney transplant, it is clear that both pancreas and islet transplants, either simultaneously or sequentially, are effective in preventing SH and protecting the kidney graft from hyperglycemia ([@B85]). However, how best to treat problematic hypoglycemia in patients with an intermediate estimated glomerular filtration rate (eGFR) (30--60 mL/min) ([Fig. 2](#F2){ref-type="fig"}) is unclear because the immunosuppressive therapy required after a pancreas or islet transplant can increase the risk of end-stage renal failure in these patients ([@B106],[@B107]).

Currently, organ donation rates in the U.S. and Europe are stalled at between 10 and 35 donors per million population ([@B108],[@B109]), yet potentially 1,000 patients with T1D per million population are affected by recurrent SH ([@B6]--[@B9]). The organ shortage is the second major factor (in addition to lifelong immunosuppression) limiting β-cell replacement. Until new sources of β-cells are available, β-cell replacement by means of a whole-pancreas transplant or an isolated islet transplant will be limited to a carefully selected group of patients with problematic hypoglycemia refractory to medical and technological interventions.

Byrne et al. ([@B110]) demonstrated that specialized clinics with expertise in hypoglycemia management are essential to concentrating limited transplant resources for patients who need them most. Of 36 patients with recurrent SH referred to a specialized hypoglycemia service, 47.2% experienced resolution of their problematic hypoglycemia with optimal medical therapy, and another 25% achieved clinically relevant improvement. Of those highly selected patients, however, 27.8% required a transplant despite having elevated HbA~1c~ levels of 8.0% (64 mmol/mol) and despite having access to all educational and technological interventions.

Another crucial factor is the reimbursement policy of each country or insurance plan. If an expensive technology option does not deliver the expected results within a 6-month period, it may be discontinued. In many countries, CSII is reimbursed by health insurance, but RT-CGM is not. The same is true for β-cell replacement; in many countries, pancreas transplants are reimbursed, but only in a much smaller number of countries are islet transplants reimbursed. The cost-effectiveness of these technologies has not been tested in larger populations; it will take many years to prove the cost savings or at least the cost-effectiveness, although QoL improves in most trials.

Clinical Research Needs {#s11}
=======================

As new insulin analogs and devices become available, we recommend including in future trials and studies patients with recent SH or IAH and then separately reporting changes in HbA~1c~ level, SH, and IAH in those with prior problematic hypoglycemia. Doing so would allow data on the impact of new therapies in this complex group of patients to become available sooner. Also crucial in evaluating new therapies are robust studies of changes in symptoms, counterregulatory hormone responses, and endogenous glucose production responses to experimental hypoglycemia.

Educational interventions have the evidence base to be recommended as first-line therapy. Further investigation into appropriate baseline factors that may aid personalization of treatment is desirable. In the home studies using single- or dual-hormone closed-loop systems now taking place, the role of such systems in patients with problematic hypoglycemia remains to be tested.

The effectiveness of CSII with SMBG and CGM with MDI in preventing SH in patients with IAH remains to be compared in larger trials. Although HypoCOMPaSS suggests equivalence, the technology selection may depend on the availability of systems, reimbursement policies, and patient choice. Also remaining to be studied is which patients with persistent problematic hypoglycemia despite structured education should use SAP as the next intervention.

In the field of transplantation, areas that require further clinical research include improvement of islet engraftment to prolong graft survival and minimization of immunosuppression through antigen-specific immunotherapy, adoptive transfer of immunoregulatory cells, and use of biocompatible immune-isolating devices. Moving forward, preclinical work is already showing potential for expanding the role of transplantation through the use of alternate tissue sources, such as porcine islet xenografts or human stem cell--derived insulin-secreting cells.

Conclusions {#s12}
===========

Problematic hypoglycemia is another complication of long-term T1D, causing morbidity and mortality in a significant proportion of patients. It is important to screen patients for problematic hypoglycemia using validated tools and to implement individualized therapeutic targets based on the balance between glycemic control and hypoglycemia risk. Problematic hypoglycemia can be resolved with appropriate educational and technological interventions in most patients with acceptable glycemic control; however, in a subset of patients, transplants offer the only solution. Especially for that subset, existing interventions need to be more thoroughly evaluated and new therapies developed.
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